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Sialic acid-containing glycoproteins on renal cells determine When the apical surface of a renal epithelial cell in cul-
nucleation of calcium oxalate dihydrate crystals. ture interacts with an exogenous calcium oxalate dihy-
Background. The interaction between the surfaces of renal drate (COD) crystal [7], the most common crystal in hu-epithelial cells and calcium oxalate dihydrate (COD), the most
man urine [8], the cell preferentially binds to the crystalcommon crystal in human urine, was studied to identify critical
via its (100) face and symmetry-related counterparts. Wedeterminants of kidney stone formation.
Methods. A novel technique utilizing vapor diffusion of oxa- also have found that a COD crystal can nucleate directly
lic acid was employed to nucleate COD crystals onto the apical onto the surface of a living renal epithelial cell, but when
surface of living cells. Confluent monolayers were grown in the it does so a different face is used, the (001) (Fig. 1.) [9].inner 4 wells of 24-well culture plates. To identify cell surface
Importantly, this face is not usually detected on crystalsmolecules that regulate crystal nucleation, cells were pretreated
nucleated and grown in urine or on crystals nucleated andwith a protease (trypsin or proteinase K) to alter cell surface
proteins, neuraminidase to alter cell surface sialoglycoconju- grown in vitro or on plastic under conventional conditions.
gates, or buffer alone. COD crystals were nucleated on the As preformed calcium oxalate monohydrate (COM) crys-
surface of cells by diffusion of oxalic acid vapor into a calcium-
tals also avidly bind to renal cells in culture [4–6] and arecontaining buffer overlying the cells. Crystal face-specific nu-
structurally similar to COD [10], we hypothesized that acleation was evaluated by scanning electron microscopy.
Results. Nucleation and growth of a COD crystal onto an set of molecules on the apical plasma membrane inter-
untreated control cell occurred almost exclusively via its (001) acts with a similar recognizable atomic array on the sur-
face, an event rarely observed during COD crystallization. In face of each of these two crystals. Furthermore, COD
contrast, when COD crystals were nucleated onto protease- or
crystals are metastable and, once formed, tend to un-neuraminidase-treated cells, they did so via the (100) face of
dergo a phase transition to COM, which is the thermody-the crystal.
Conclusions. Specific sialic acid-containing glycoproteins, namically stable hydrate and most abundant crystal found
and possibly glycolipids (sialoglycoconjugates), appear to be in kidney stones [11]. Therefore, the association of either
critical determinants of face-specific nucleation of COD crys- COD or COM crystals with renal cells could result intals on the apical renal cell surface. We hypothesize that crystal
formation of COM stones.retention within the nephron, and the subsequent development
In this study, we set out to identify specific moleculesof a kidney stone, may result when the number or composition
of these cell surface molecules is modified by genetic alter- on the apical surface of renal cells that regulate crystal
ations, cell injury, or drugs in tubular fluid. face-specific nucleation. These molecules could be critical
determinants of the cell-crystal interaction and thereby
mediate retention of crystals within the nephron and the
While investigating the cell-crystal interaction, a criti- subsequent development of a renal stone.
cal initiating event in nephrolithiasis [1], we and others
have identified factors that regulate the binding of pre-
METHODSformed calcium oxalate crystals to the surface of renal
epithelial cells, and the cellular responses that follow [2–6]. Cell culture
To study COD crystal nucleation on the apical surface
of living renal cells, we employed conditions that nucle-Key words: cell membrane, crystallization, kidney calculi, neuramini-
dase, protease, sialoglycoconjugates, renal stones. ate and grow high-quality COD crystals by vapor diffu-
sion of oxalic acid inside sealed multiwell culture dishesReceived for publication April 11, 2001
[9, 10]. In this model system, crystal nucleation and growthand in revised form June 13, 2001
Accepted for publication June 23, 2001 proceeds more slowly than might occur in supersaturated
tubular fluid in vivo; however, large well-formed COD 2001 by the International Society of Nephrology
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Fig. 1. Schematic representation of calcium oxalate dihydrate (COD) crystal faces. In normal human urine and under routine laboratory conditions,
COD assumes a bipyramidal shape with eight prominent (101) faces, as depicted in (A). COD crystals nucleated and grown upon untreated BSC-1
cells develop a (001) face (B), which serves as the interface between cell and crystal. Within the (001) face of COD, spheres represent calcium
atoms, Ca, and the hydrogen and oxygen atoms from two crystallographically independent water molecules, W(1) and W(2). All lie on the (001)
plane and have zero height along the c axis. Hydrogen bonding between W(1) and W(2) articulates itself through O(2) oxygen atoms of the
carboxylate groups of oxalate. For clarity, the oxygens of the oxalate groups are depicted as spheres smaller than the oxygens of water molecules.
The carboxylate molecules lie above the plane of the (001) and thus provide for both stability of the (001), as well as structural continuity along
the c axis. In (C), a schematic representation of the organization of the carboxylate groups in the structure of COD is presented. Note the ortho-
gonal relationship that the oxalate groups assume with respect to one another. Oxalates extend normally to the highly planar surfaces of the (100)
and (001) faces, and their symmetry-related counterparts. O(2) is available for hydrogen bonding. Crystals nucleated and grown in the presence
of protease- or neuraminidase-treated cells developed prominent (100) faces (D), one of which served as the plane of contact between crystal and
cell.
crystals (10 to 20m in diameter) that are readily amena- Franklin Lake, NJ, USA) at 38C in a CO2 incubator in
Dulbecco-Vogt modified Eagle’s medium containing 25ble for structural and ultrastructural studies are pro-
duced. To model the crystal-cell interaction in the distal mmol/L glucose (DMEM), 1.6 mol/L biotin, and 1%
(BSC-1 cells) or 10% (cIMCD cells) calf serum [14].nephron, nontransformed African green monkey renal
epithelial cells of the BSC-1 line [12], or continuous inner
Enzyme treatmentmedullary collecting duct (cIMCD) cells (a generous gift
of Dr. Jack G. Kleinman [13]), were plated and grown To assess the effect of protease treatment, the culture
medium was replaced with a calcium-containing bufferto confluence in the inner 4 wells of 24-well plates (6  4
well configuration, Falcon #3047; Becton Dickenson, (155 mmol/L NaCl, 5.4 mmol/L KCl, 100 mmol/L glucose,
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50 mmol/L CaCl2, 90 mmol/L Tris, pH 7.4) to which trypsin specified times after initiation of COD crystal nucleation,
as described above in this article, the buffer was aspirated(0.05 g/mL) or proteinase K (0.05 g/mL) was added
before initiating crystallization. and cells were fixed with Karnofsky solution [3]. Each
specimen was air-dried, mounted on a stub, coated withTo assess the effect of neuraminidase treatment, me-
dium bathing the cells was replaced with Hanks buffered gold by glow discharge, and examined both with an
ETEC or JEOL (model JSM-5800LV) scanning electronsaline solution (HBSS: 137 mmol/L NaCl, 5.4 mmol/L KCl,
0.3 mmol/L Na2HPO4, 0.4 mmol/L KH2PO4, 4.2 mmol/L microscope at 25 kV. X-ray microanalysis was carried
out at 15 kV and 500 pA in energy dispersive modeNaHCO3, 1.3 mmol/L CaCl2, 0.5 mmol/L MgCl2, and 5.6
mmol/L glucose, pH 5.0, at 38C) containing neuramini- (EDS) using the Oxford-Link ISIS-300 platform.
dase (Type X, 0.25 U/mL; Sigma Chemical Co., St. Louis,
MaterialsMO, USA), or vehicle. Five minutes later, HBSS was re-
moved and replaced with a buffer containing 155 mmol/L If not indicated otherwise, compounds were purchased
from Sigma Chemical Company.NaCl, 5.4 mmol/L KCl, 2.5 mmol/L CaCl2, and 90 mmol/L
Tris, pH 7.4. Additional neuraminidase (0.1 U/mL) was
added to cell monolayers that had been pretreated with
RESULTS
the enzyme prior to initiation of crystallization.
Phase-contrast microscopy revealed that crystals rap-
idly nucleated and grew on the surface of BSC-1 cellsInitiation of crystallization
within the sealed multiwell dishes following diffusion ofThree to five well-formed seed COD crystals (10 to
oxalate into calcium-containing buffer overlying the cells.20 m in diameter) [7] were added with a pipette to
A few crystals were seen on the apical cell surface afterthe periphery of each of the 4 wells containing cells.
two hours; more abundant nucleation was obvious byDiethyloxalate (20 L in 2 mL water) was put into each
three hours. Within six hours, the typical bypyramidalof the surrounding eight wells. Tris buffer (0.5 mol/L,
habitus of COD was unambiguous (Fig. 2). Positive iden-pH 7.4) was placed in four outer wells, and the spaces
tification of a representative crystal as COD was achievedbetween the wells. The eight remaining wells were cov-
by x-ray studies. SEM revealed that under control condi-ered with electrical tape and were not used (4 at the far
tions the crystal-cell contact took place via the (001)left and 4 at the far right edges of the plate). Oxalic acid
crystal face (Fig. 3). As we previously observed [9], morevapor, produced by hydrolysis of diethyloxalate, diffused
than 95% of crystals grew with this morphology that isinto the calcium-containing buffer overlying cells since
dictated by the development of the (100) and (101) facesthe plates were sealed with electrical tape for the dura-
and their symmetry-related counterparts over the (001)tion of the experiment and maintained at 38C. The pH
basal plane, which consistently served as the interfacein the buffer was maintained at 7.4 by Tris buffer in both
with the cell (arrows, Fig. 3 B, C). In contrast, CODthe vapor and the liquid phases [15]. The maximal concen-
crystal nucleation onto the plastic surface of a culturetration of oxalate achieved by vapor diffusion into the
dish in the absence of cells was random in orientationbuffer overlying the cells was 0.46 mmol/L when measured
[9]. Specifically, crystals were not observed anchored toat the conclusion of a representative 12-hour experiment
plastic via the (001) face, and only rarely via the (100)with an oxalate diagnostic kit (Sigma). This concentra-
face. The active response of a cell to crystals that nucle-tion of oxalate is similar to that in human urine [11].
ated on its surface resulted in extensive pitting of the
X-ray studies (001) face (Fig. 3 B, C), in agreement with our previous
observation. However, the cells on whose surfaces CODPreliminary characterization and identification of crys-
crystals nucleated did not appear damaged when in-tals nucleated and grown on cells was carried out by polar-
spected under light and scanning electron microscopy,ized light and scanning electron microscopy (SEM) as
and remained viable for at least 12 hours as indicateddescribed previously [16]. Positive phase identification was
by trypan blue exclusion. Measurements confirmed thatachieved by x-ray diffraction using primarily Gandolfi cam-
the pH of buffer-overlying cells remained at 7.4 for atera (114.6 mm) and Ni-filtered CuK radiation (40 kV,
least 12 hours. At the conclusion of a 12-hour experi-20 mA). Diffraction patterns were indexed according to
ment, cells continued to grow and divide when the bufferA.S.T.M Fiche Nr. 17-541 [17]. Modeling of the atomic
was replaced with DMEM containing 1% calf serumstructure of COD was performed using the atomic coordi-
and the cultures were returned to an incubator at 37C,nates of Tazzoli and Domenghetti [18] with the program
providing additional evidence that they were viable.ATOMS (ESM Software, Inc., Cincinnati, OH, USA).
In contrast, crystals nucleated and grown on cells that
Electron microscopy had first been exposed to trypsin anchored differently
via the (100) rather than the (001) face (Figs. 1 and 4).For SEM, cells were grown on glass coverslips placed
within the inner 4 wells of 24-well Falcon plates. At In the presence of trypsin, development of the (100) face
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Fig. 2. Nucleation of COD crystals onto living BSC-1 cells. Nontransformed African green monkey renal epithelial cells (BSC-1 line) were grown
to confluence in the inner 4 wells of a Falcon 24-well tissue culture dish in Dulbecco’s-modified Eagle’s medium (DMEM) containing 1% calf
serum and 1.6 mol/L biotin. Medium bathing the cells was replaced with buffer (155 mmol/L NaCl, 5.4 mmol/L KCl, 2.5 mmol/L CaCl2, 90
mmol/L Tris, pH 7.4). In the surrounding 12 wells, diethyloxalate (20 L in 2 mL water) was placed in the inner eight wells, and Tris buffer (0.5
mol/L, pH 7.4) in the outer four. Tris buffer was then placed in the spaces between wells. The 4 wells at both the far right and left of the plate
were covered with electrical tape and not used. Dishes were sealed with tape for the duration of the experiment and maintained at 38C. Oxalic
acid vapor produced by hydrolysis of diethyloxalate and buffered by Tris vapor, diffused into calcium-containing buffer overlying the cells allowing
COD crystals to form. Typical bypyramidal crystals of COD were easily identified at six hours by light microscopy (A, 200). Samples also were
fixed in half-strength Karnofsky’s solution at 4C for 15 minutes, air dried, and carbon coated for scanning electron microscopy (SEM). Unequivocal
COD crystals were also observed by SEM (B, 2300), apparently anchored via the (001) face. The (100) faces did not appear enlarged.
Fig. 3. Face-specific nucleation of COD crys-
tals onto control BSC-1 cells via the (001) face.
Cells were grown to confluence in the inner
4 wells of a Falcon 24-well tissue culture dish.
Medium bathing the cells was replaced with
buffer, and then diethyloxalate in water and
Tris buffer were placed in the appropriate sur-
rounding wells. After eight hours, samples
were fixed in half-strength Karnofsky’s solu-
tion at 4C for 15 minutes, air dried, and gold
coated for SEM. Typical bypyramidal crystals
of COD were easily identified upon cells by
SEM (A, 3900). Crystals were also removed
from the unfixed monolayer, inverted, and ex-
amined by SEM. The plane of contact between
cells and crystals appeared to be the (001) face
of COD (arrows; B, 6000; and C, 9000).
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Fig. 4. Face-specific nucleation of COD crys-
tals onto trypsin-treated BSC-1 cells. Cells
were grown to confluence in the inner 4 wells
of a Falcon 24-well tissue culture dish. Medium
bathing the cells was replaced with buffer, and
then diethyloxalate in water and Tris buffer
were placed in the appropriate surrounding
wells. Trypsin (0.05 g/mL) was added to the
buffer overlying the cells, and the dishes were
sealed with tape and maintained at 38C dur-
ing the period of crystal nucleation and growth.
After eight hours, samples were fixed and gold
coated for SEM (A). Crystals were also re-
moved from the unfixed monolayer, placed on
a glass coverslip, and gold-coated for SEM
(B). After treatment with trypsin, crystals ap-
peared to be anchored via a (100) face (arrow,
A,15,000), and had relatively enlarged (100)
faces (arrow, B,6000). Note that (001) faces,
seen under control conditions, were not ob-
served on COD crystals following trypsin treat-
ment. Fixation and dehydration of the samples
was associated with etching of the crystalline
surfaces (A).
Fig. 5. Face-specific nucleation of COD crystals onto proteinase K-treated BSC-1 cells. Cells were grown to confluence in the inner 4 wells of a
Falcon 24-well tissue culture dish. Medium bathing the cells was replaced with buffer, and then diethyloxalate in water and Tris buffer were placed
in the appropriate surrounding wells. Proteinase K (0.05 g/mL) was added to the buffer overlying the cells, and the dishes were sealed with tape
and maintained at 38C during the period of crystal nucleation and growth. After eight hours, samples were fixed, gold coated, and examined by
SEM (A). Crystals were also removed from the unfixed monolayer, placed on a glass coverslip, and gold-coated for SEM (B). After treatment
with proteinase K, crystals appeared to be anchored via a (100) face (arrow, A, 10,000), and had relatively enlarged (100) faces (arrow, B,
14,000). Note that (001) faces, seen under control conditions, were not observed on COD crystals following proteinase K treatment. Fixation
and dehydration of the samples was associated with etching of the crystalline surfaces (A).
of crystals also was favored compared to crystals grown terminal sialic acid residues from carbohydrates, also
resulted in crystal anchoring via the (100) face (Fig. 6),under control conditions (Fig. 4B). Crystals grown on
cells pretreated with a second protease, proteinase K, as observed under light and scanning microscopy. Neur-
aminidase was previously shown to remove cationic ferri-also anchored via the (100) face (Fig. 5). Individual crys-
tals grown upon cells treated with trypsin or proteinase tin and ferritin-labeled T. vulgaris lectin binding sites
from the apical surface of BSC-1 cells under transmissionK were then removed from the monolayer with a pipette
tip, inverted, and the crystal surfaces examined by SEM. electron microscopy [19]. Addition of albumin to the
buffer at a similar protein concentration used for theUnder these conditions, the (001) faces, which were
readily observed on crystals nucleated and grown upon enzymes (0.05 g/mL) had no effect on crystal nucle-
ation, suggesting that a nonspecific interaction betweencontrol cells, were not observed. Treatment of BSC-1
cells with a third enzyme neuraminidase, which cleaves enzyme protein and the crystal and/or cell surface did
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crystals to interact with the renal cell surface via the
(100) rather than the (001) face. These results suggest
that sialic acid-containing glycoproteins and/or glycolipid
functional groups on the cell surface that can be cleaved
by neuraminidase, trypsin, or proteinase K, could serve
as determinants of the cell-crystal interaction.
Development of the (001) face (Fig. 1 B, C), seen when
COD crystals nucleate upon untreated control cells, is
a highly unlikely event compared to when these crystals
nucleate upon inanimate surfaces [9, 15, 20]. On the
(001) face of COD, potential sites of interaction include
both calcium and water molecules, whereas the primary
potential site of interaction is likely to be restricted to
calcium atoms on the (100) face of COD [18]. This is so
because structurally the (001) face of COD is composed
of sets of oxygen atoms from two crystallographically
independent water molecules, together with calcium
atoms (Fig. 1B). Each of these atoms lie exactly on the
plane of the (001), since they have zero height along the
c axis (Fig. 1B) [18]. This atomic organization, unique
to the (001), provides an extensive network of potential
bonding sites in a manner reminiscent of that found in
the (100) faces of COM [21]. The oriented nucleation
of the (001) face and its symmetry-related counterparts
Fig. 6. Face-specific nucleation of COD crystals onto neuraminidase- onto control cells suggests that macromolecules on the
treated BSC-1 cells. Cells were grown to confluence in the inner 4 wells untreated apical renal cell surface have sites organized
of a Falcon 24-well tissue culture dish, and treated with neuraminidase
according to an atomic motif that stereochemically satis-(0.25 U/mL in HBSS, pH 5) for five minutes. HBSS was then replaced
with calcium-containing buffer containing additional neuraminidase (0.1 fies both the demands imposed by water molecules for
U/mL). Diethyloxalate in water and Tris buffer were placed in the hydrogen bonding, and by calcium atoms for completing
appropriate surrounding wells, and the dishes were sealed with tape
their eightfold coordination link with the oxygen ligands.and maintained at 38C during the period of crystal nucleation and
growth. After eight hours, samples were fixed and examined by SEM. Furthermore, as each of these bonding requirements
After cells were treated with neuraminidase, all crystals anchored via needs to be simultaneously satisfied, any disturbance will
a (100) face, which were dramatically enlarged (arrow). Note that fixa-
result in structural instability. Treatment of cells withtion and dehydration of the samples was associated with some etching
of the crystalline surfaces. trypsin, proteinase K, or neuraminidase disturbs the pro-
cesses that determine this remarkable stereospecific in-
teraction of the apical cell surface with COD (Figs. 4–6).
After cleavage of these key sialic acid-containing glyco-
not mediate the observed changes in face-specific nucle- proteins and/or glycolipids on the cell surface, crystals are
ation of COD. still able to nucleate onto the enzyme-treated cell surface,
These results were confirmed by repeating the experi- but employ another face to do so. Therefore, a different
ments with a second renal cell line, the distal tubule- chemical mechanism apparently mediates the interaction
derived cIMCD cells [13]. Under control conditions, COD between the cell surface and atomic arrays on the crystal
crystals also nucleated and grew upon cIMCD cells via after enzymatic removal of sialic acid-containing glycopro-
their (001) face. When cIMCD cells were first exposed teins. We conclude that sialic acid-containing glycopro-
to trypsin, proteinase K, or neuraminidase, crystals an- teins are critical determinants of face-specific crystal nu-
chored instead via their (100) face. Therefore, sialic acid- cleation upon the renal cell surface, but are not required
containing glycoproteins and/or glycolipids appear to for crystal nucleation per se.
mediate nucleation and growth of COD crystals onto Preformed calcium oxalate monohydrate (COM) crys-
tals, the most abundant constituent of kidney stones [11],the apical surface of each of the two renal epithelial cell
appear to bind to sialic acid-containing glycoproteinslines studied.
and anionic phosphatidylserine on the apical surface of
kidney epithelial cells in culture [4, 19, 22], suggesting a
DISCUSSION mechanism of crystal retention in the kidney that could
Treatment of renal tubular cells with trypsin, protein- result in nephrolithiasis [1]. Because attachment of pre-
formed calcium oxalate crystals to renal epithelial cellsase K, or neuraminidase induces freshly nucleated COD
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is inhibited by specific soluble anions in tubular fluid expression was greatest in the distal tubules and collect-
that can also coat freshly nucleated crystals (for example, ing ducts. These observations suggest that increased ex-
citrate) [23, 24], competition could exist for cationic sites pression of sialic acid acids with (2,6)-ketosidic linkages
on the crystalline surface between soluble anions in tubu- to penultimate galactose residues of cell surface glyco-
lar fluid and anchored anions on the apical cell surface. proteins and/or glycolipids could favor attachment of
Alterations in the quality and/or quantity of either popu- crystals that nucleate and grow in tubular fluid, and/or
lation of anions could disturb this competitive balance those that nucleate and grow upon the plasma mem-
and thereby determine the ultimate fate of crystals that brane. In this way, overexpression of tubular cell surface
nucleate in tubular fluid. In this paradigm, crystal adhe- sialic acid residues could mediate crystal retention in
sion to the tubular cell surface would be favored by an the kidney and subsequent stone formation in certain
increased number of cell surface anionic crystal binding predisposed individuals. Presumably, changes in apical
sites, which could occur if sialic acid residues were over- membrane glycoproteins of distal rather than proximal
expressed in a favorable three-dimensional orientation tubular cells would be critical because tubular fluid be-
on the apical surface of collecting duct cells [25]. comes progressively supersaturated along the distal tu-
The present and previous studies suggest that cell sur- bule and collecting duct, thereby allowing calcium oxa-
face sialic acid residues are a part of the cell-crystal
late crystal nucleation to occur. As hydroxyapatite (HA)
interface [19, 23]. Therefore, changes in cell surface sialic
crystals also appear to bind to sialic acid-containing gly-acid abundance and/or three-dimensional organization,
coproteins on the surface of renal epithelial cells [23],for example as a result of genetic or acquired alterations
altered sialic acid linkages along the distal nephron ofin cells along the nephron, could modify crystal nucleation
stone-former kidneys are likely to favor adhesion of cal-and binding in vivo. Recent data reported by Kramer et
cium phosphate (HA) crystals as well. However, addi-al suggest that overexpression of a sialyltransferase in
tional studies will be needed to characterize HA crystalcollecting duct cells of certain stone-forming patients,
nucleation and growth upon control and enzyme-modi-perhaps mediated by a mutation, could produce an in-
fied renal cells.creased number of sialic acids having a specific linkage to
Verkoelen et al have suggested that sialic acid is acarbohydrates on the apical plasma membrane (abstract;
mediator of COM crystal adhesion to the surface ofKramer et al, Urolithaisis 2000, p. 70, 2000). Once these
canine kidney (MDCK) cells [25]. In their studies, crystalsialic acid residues are exposed on the cell surface, if
binding falls rapidly during the first week after plating thein the appropriate three-dimensional organization [25],
they could facilitate coordination with calcium sites and cells [27], and neuraminidase treatment of both freshly
water molecules on the surface of calcium oxalate and/or plated and confluent cells decreases COM crystal binding
calcium phosphate crystals that are suspended in tubular [25], as we have also observed [19]. However, following
fluid flowing over the apical cell surface. If such a muta- metabolic labeling the amount of cell-surface sialic acid
tion occurs and is recessive, it could provide a mechanism liberated by neuraminidase increased during time in cul-
to explain both the relatively uncommon occurrence of ture, whereas crystal binding to cells decreased [25]. Our
kidney stones, as well as the absence of tubular cell results suggest one possible explanation for these obser-
structural injury in most patients who form a renal stone. vations: All cell-surface sialic acid-containing molecules
Alternatively, ischemia or molecules in tubular fluid (for may not bind to calcium oxalate crystals; perhaps only
example, drugs, oxalate) could sublethally injure the api- those sialic acid molecules that exist in specific stereo-
cal cell surface, thereby exposing previously concealed chemical organizations do. Thus, reduced cell surface
sialic acid residues. Such cell surface perturbations sec- exposure and/or expression of those sialic acid residues
ondary to injury might reposition certain sialic acid resi-
that are able to bind crystals could mediate the decline
dues so they protrude into the nephron lumen in a new
in crystal binding to cells that is observed over time inorientation, thereby enabling an interaction with com-
culture.plementary atomic arrays on the surface of crystals in
In conclusion, our observations suggest that the sur-the tubular fluid stream that results in crystal adhesion.
face of intact, living renal epithelial cells can function asA recent report by Hofbauer and colleagues indicates
a site upon which crystals can nucleate from supersatu-that collecting duct cells in human biopsy specimens from
rated tubular fluid. Cleavage of sialic acid residues withsix recurrent calcium oxalate stone formers express al-
neuraminidase, or treatment of cells with proteases (tryp-tered sialic acid linkages on apical membrane glycopro-
sin, proteinase K), alters the stereospecific nucleation ofteins; these epitopes were not observed in five nonstone
calcium oxalate crystals that form, suggesting that sialicformers [26]. The number of cells that bound lectin from
acid-containing glycoproteins and/or glycolipids couldSambucus nigra (SNA) decreased from proximal to dis-
be critical determinants of crystal retention in the kidney,tal nephron in normal kidneys, whereas SNA binding in
stone-former kidneys was inversely distributed; that is, and thus, of the subsequent formation of renal stones.
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